Major and trace element analyses are presented for 110 samples from the DSDP Leg 60 basement cores drilled along a transect across the Mariana Trough, arc, fore-arc, and Trench at about 18°N. The igneous rocks forming breccias at Site 453 in the west Mariana Trough include plutonic cumulates and basalts with calc-alkaline affinities. Basalts recovered from Sites 454 and 456 in the Mariana Trough include types with compositions similar to normal MORB and types with calc-alkaline affinities within a single hole. At Site 454 the basalts show a complete compositional transition between normal MORB and calc-alkaline basalts. These basalts may be the result of mixing of the two magma types in small sub-crustal magma reservoirs or assimilation of calc-alkaline, arc-derived vitric tuffs by normal MORB magmas during eruption or intrusion.
INTRODUCTION
On DSDP Legs 59 and 60, 15 sites v/ere drilled along an east-west transect at about 18°N from the West Philippine Basin to the Mariana Trench ( Fig. 1 ) in order to study the nature of the back-arc and inter-arc basins, the remnant and active arcs, and the fore-arc of the region. One of the many aims of this drilling program was to elucidate the processes involved in crustal generation and the composition variation of active margin volcanics in an intra-oceanic environment, free of the complications associated with arc systems close to continental margins. On Leg 60, we recovered igneous rocks from the Mariana Trough, Sites 453, 454, and 456; the Mariana Ridge, Site 457; the Mariana fore-arc, Sites 458 and 459; and the arc-side wall of the Mariana Trench, Sites 460 and 461.
Detailed geophysical investigations and dredging operations have established that most back-arc or interarc basins are of extensional origin and are floored by basaltic crust, broadly comparable in structure and composition to those of the major ocean basins (Karig, 1971; Hart et al., 1972; Barker, 1972; Hawkins, 1974; Gill, 1976) . Recent studies have shown that some of the basalts flooring back-arc basins are enriched in volatile and mobile elements (e.g., H 2 O + , K, Rb, Ba, Sr, U, and Cs) relative to normal mid-ocean ridge basalts (N-type MORB), and have some affinities with active margin magma types (Gill, 1976; Tarney et al., 1977; Hawkesworth et al., 1978; Saunders and Tarney, 1979; Weaver et al., 1979) . In contrast, the basalts drilled in the Shikoku, West Philippine, and Parece Vela Basins on Legs 58 and 59 show no unequivocal chemical affinities with active margin magma types , Mattey et al., 1980 Wood et al., , 1980b . The basalts recovered from the Mariana Trough provide us with an opportunity to compare the compositions of material from this relatively recently developed, narrow inter-arc basin with those of the broader, more mature back-arc basins of the West Pacific Ocean.
There is as yet no general consensus on the petrogenetic processes of active arc magma types. There are two main compositional end members of arc magmatism: a tholeiitic type showing iron enrichment trends and a calc-alkaline type showing enrichment in alkalis, corresponding broadly to Kuno's (1968) pigeonitic and hypersthenic series, respectively. In addition, there are very rare Mg-rich andesites or boninites, named after their type locality in the Bonin Islands (Kuroda and Shiraki, 1975) but also recently dredged from the Mariana Trench near the island of Guam (Dietrich et , 1978) . These lavas are thought to be produced during the early stages of island arc development and are therefore important in understanding arc magmatism. Similar Mg-rich andesites were drilled at Site 458. These lavas, together with the primitive island arc tholeiites and calc-alkaline basalts recovered from the KyushuPalau, West Mariana, Mariana Ridges and the Mariana fore-arc and Trench during Legs 59 and 60, should help to constrain petrogenetic models for this tectonic environment.
REGIONAL AND TECTONIC SETTING
The southern Philippine Sea is divided into three major basins (Fig. 1) which are elongated in a north-south direction. From west to east the basins are: the West Philippine Basin, the Parece Vela Basin, and the Mariana Trough. The basins are separated by the KyushuPalau and West Mariana Ridges, respectively. The eastern boundary of the Southern Philippine Sea consists of the Mariana Arc and fore-arc, which overlie the Pacific plate presently being subducted at the Mariana Trench (Katsumata and Sykes, 1969) .
The Mariana Trough is crescent-shaped, open at its southern end but closing at the junction between the Mariana and West Mariana Ridges in the north. The trough is approximately 1500 km long and 250 km across at its widest section. The Mariana Ridge is approximately 100 to 120 km across, and the fore-arc, or arc-trench gap, is approximately 150 to 180 km wide.
The crust flooring the Mariana Trough is characterized by rough topography (Hart et al., 1972) and high heat flow (Sclater et al., 1972) . It is underlain by a mantle zone of high seismic wave attenuation (Barazangi et al., 1975) . Poorly developed magnetic lineations have been reported for the Mariana Trough (Hussong, Uyeda, et al., 1978) . The reasons for the poorly developed magnetic lineations are suspected to be the rough basement topography and low geomagnetic latitude of the region (Karig et al., 1978) . On the basis; of the sediment thickness, depth, the character of the acoustic basement, and the presence of a topographic axial high and mean heat flow, Karig (1971) suggested that the Mariana Trough is actively spreading, unlike the other basins of the Philippine Sea. Estimates for the spreading rate vary from slow, 1 cm yr~1 (Hart et al., 1972) and 2 cm yr~1 (Hussong et al., 1978) , to fast, and 4 cm yr~1 (Karig et al., 1978) . The uppermost crust in the axial region of the trough consists of basalts broadly similar to ocean floor tholeiites (Hart et al., 1972; Hawkins, 1977) . The opening of the Mariana Trough appears to be a continuation of the processes involved with the opening of the Parece Vela and Shikoku Basins, to the west, during the middle to late Tertiary. However, the relationship of these eastern basins and ridges to the West Philippine Basin remains uncertain .
The Mariana arc can be divided into two sections: a northern section which is presently active and underlain by a steeply dipping Benioff zone, with seismic activity down to at least 600 km; and a southern section which is presently inactive and underlain by a poorly defined seismic zone less than 200 km deep (Katsumata and Sykes, 1969; Isacks and Barazangi, 1977) . The two zones overlap between 16° and 17°30'N, the ridge of the southern section lying to the trench side. The northern ridge carries 10 subaerial volcanic islands and possibly several submarine volcanoes whose extrusive products are dominated by quartz-normative basalts and basaltic andesites. The lack of iron enrichment and high Ba and Sr contents in the basalts suggests that they have calc-alkalic affinities (Meijer, 1976; Dixon and Batiza, 1979) . The volcanic islands of the southern ridge consist mainly of basalts and basaltic andesites interbedded with and overlain by, predominantly calcareous sediments (Stark, 1963) , although more evolved igneous rocks occur, for example, dacite on Saipan (Cloud et al., 1956; Schmidt, 1957; Taylor et al., 1969) . These lavas also lack a trend of strong iron enrichment and plot as a hypersthenic series on an AFM diagram (Stark, 1963) . In contrast to the Mariana arc and trough, the fore-arc has not been studied in detail. It consists of crust which is seismically oceanic in character (Murauchi et al., 1968) . Sedimentation on the fore-arc appears to be strongly controlled by tectonic activity, mainly block faulting in a tensional regime with subsidence since the early Tertiary. It is unlikely that slices of the main Pacific ocean floor have been imbricated into the fore-arc of the Mariana system (Hussong et al., 1978) .
The Mariana Trench has been dredged previously during Cruise 17 of the RV Dmitry Mendeleev south of the Leg 60 transect, at approximately 12°N (Anonymous, 1977) . The dredges recovered flysch-like sediments, gabbros, metagabbros, serpentinized and mylonitized periodotites, boninites, basalts, and metabasalts (Dietrich et al, 1978; Sharaskin et al., 1980) . The boninites and flysch-like sediments suggest the presence of arc-derived material in the trench.
ANALYTICAL METHODS
We have analyzed 110 samples from the Leg 60 cores at Birmingham by X-ray fluorescence (XRF) for major and trace elements by the method given in Tarney et al. (1978) . However, TiO 2 , MgO, CaO, and Na 2 O were analyzed using an Rh anode tube rather than a Cr anode tube. Instrumental conditions for major element analysis using an Rh anode X-ray tube are given by Marsh et al. (1980) . We have also analyzed 63 samples from the Leg 60 sites at Saclay by instrumental neutron activation (INA) for additional trace elements by the method of Chayla et al. (1973) .
INA (Table 10) , Sample 453-52-1, 30-36 cm has a more primitive arc tholeiite Composition (lower Th and La and a depletion in the light rare earth elements (REE) relative to the heavy REE (i.e., chrondite-normalized La/Tb ratio less than 1).
The high Sr and Ba contents of the plutonic rocks from this site (Table 1) are consistent with an origin in the deep-seated portion of an island arc. Table 2 presents major and trace element analyses of plutonic rocks from the Masirah ophiolite, Indian Ocean crust (Abbotts, 1979) and calc-alkaline plutonic rocks from Chile (Marsh, 1977; Wells, 1978) . Note the lower Sr and Ba of the plutonic rocks from oceanic crust relative to the rocks from Site 453. However, the very high Ba and K 2 O contents of some Site 453 samples (e.g., Sample 453-52-4, 0-4 cm) are likely to be due to the presence of secondary potassium feldspar. The most plausible explanation for these breccias is a derivation from the West Mariana Ridge during the uplift resulting from the initial rifting of the Mariana Trough. We note that the basalt clasts in the breccia drilled on Site 451 (Leg 59) on the West Mariana Ridge also have calc-alkaline affinities (Mattey et al., 1980; . However, calc-alkaline magmas may have been erupted elsewhere in the Mariana Trough (see the following).
Site 454 (18°00.78'N, 144°31.92'E)
This site was located 28 km west of the central graben of the Mariana Trough in a water depth of 3819 meters. A basement section of 80 meters of basalts interbedded with sediments was recovered from Hole 454A. The oldest sediments are between 1.2 and 1.6 m.y. old. Five lithological units and three paleomagnetic units were distinguished by the shipboard party. The basalts are all considerably more vesicular than mid-ocean ridge basalts (MORB) erupted in similar water depths (e.g., Moore and Schilling, 1973) .
The geochemical units correspond with the paleomagnetic units (Fig. 4) . The basalts of Geochemical Unit 1 are olivine phyric (about 10% phenocrysts) with chrome spinel microphenocrysts and contain up to 14 weight percent MgO. The basalts in Geochemical Unit 2 are sparsely Plagioclase, olivine, and clinopyroxene phyric, and those in Unit 3 are sparsely olivine phyric (up to 7% phenocrysts) with associated chrome spinel. The major element chemistry of the basalts (Table 3) is similar to normal or N-type MORB with high CaO (about 11 wt.%), but low K 2 O and TiO 2 (about 1 wt.%). However, these basalts have higher Sr, Ba, Th, and light REE contents relative to Zr, Ti, Y, and the heavy REE than N-type MORB. In addition they also display a depletion of Ta relative to Th and La. These trace element characteristics are similar to those observed in island arc magmas. Their high vesicularity also indicates a volatile rich magma (Garcia et al., 1979) .
Site 456 (17°54.7'N, 145° 10.8 E) This site was located 37 km east of the central graben of the Mariana Trough in a water depth of 3590 meters.
The sediment above the basement had an age of about 1.8 m.y. In two holes, short basement sections (Hole 456 about 35 meters; Hole 456A about 40 meters) of altered pillow basalt were recovered. The top of the basement sections in both holes has suffered intense hydrothermal alteration, under reducing conditions, with abundant pyrite mineralization and quartz veining. Toward the bottom of the basement sections in both holes, the basalts are only slightly to moderately altered, under oxidizing conditions, and contain fresh glass.
Two lithological units in Hole 456 and four lithological units in Hole 456A were distinguished by the shipboard party. Unit 1 of both holes includes intensely altered pillow basalts which are aphyric or sparsely plagioclase phyric (about 1 or 2% phenocrysts). Unit 456A-2 5 is a coarsely Plagioclase phyric basalt (greater than 20% resorbed phenocrysts) with pseudomorphs of rare olivine phenocrysts. Unit 456A-3 is a highly vesicular (up to 30% vesicles of 0.2 to 2 mm diameter), aphyric basalt with up to 3 percent olivine microphenocrysts. Unit 456A-4 varies from aphyric to sparsely Plagioclase phyric basalts with rare clinopyroxene phenocrysts. Unit 456-3 is also aphyric and similar to Units 456A-3 and 4. Units 456-3 and 456A-4 are vesicular but less so than Unit 456A-3. The shipboard party have grouped Units 456A-3 and 456-3 together, but from the geochemical data it is apparent that basalts corresponding to Units 456A-2 and 3 are not present in Hole 456 and that Unit 456-3 can probably be equated with Unit 456A-4 (see below and Fig. 5 ). Unit 456A-5 is petrographically similar to Unit 456A-3, although less vesicular, but chemically it is indistinguishable from Unit 456A-4.
Most of the basalts from both holes have major and trace element chemistry (Table 4 ) similar to N-type MORB, although with slightly higher Sr and Ba contents. However, the porphyritic Unit 456A-2 and the relatively Mg-poor Unit 456A-3 are significantly enriched in Th, Sr, Ba, K, and light REE relative to Zr, Ti, Y, and the heavy REE when compared to N-type MORB. They also show a depletion of Ta relative to Th and La (Table 11 ). The basalts from these units therefore have trace element characteristics that are quite similar to island arc tholeiites.
Site 457 (17°49.99'N, 145°49.02'E) This site was located on the active Mariana arc in a water depth of 2630 meters. The hole penetrates only coarse sand and volcaniclastic breccias. We have analyzed one sample of a basaltic andesite clast from the breccia (Tables 5 and 11 ). There are no petrographic data available for the analyzed sample, but the crystalvitric tuff clasts with which it is associated in the breccia included glass fragments with sparse euhedral Plagioclase, clinopyroxene, and amphibole phenocrysts. The analysis indicates that the sample has calc-alkaline afDenotes lithologic unit, not to be confused with Core 456A-2. finities with high Th, K, Ba, Sr, and light REE relative to Zr, Ti, Y, and heavy REE contents.
Inter-Site Relationships of Basement Chemistry
The chemical data for the samples from Sites 454, 456, and 457 have been plotted on a series of major and trace element variation diagrams (Figs. 6 through 13). The main feature of the chemical variations in the basic lavas from these sites is the systematic gradation in chemistry from basalts similar to N-type MORB to basalts with calc-alkaline affinities. At Sites 454 and 456, which have penetrated inter-arc basin crust, both basalt types are found interlayered within a single hole. Geochemical Units 454A-1, 454A-2, 456A-2, 456A-3, and 457 have calc-alkaline affinities, whereas Geochemical Units 454A-3, 456-1 (and 456A-1?-extensive hydrothermal alteration), and 456A-4 have compositions quite similar to N-type MORB. Figure 6 shows that for the same MgO contents the MORB-like lavas have higher Zr and Ti but lower Sr than the units with calc-alkaline affinities. Biaxial plots of HYG elements (Figs. 7 and 8) confirm that the different magma types cannot be related by simple crystal fractionation processes. On such diagrams, magmas related by crystal fractionation should conform to straightline trends passing through the origin (Weaver et al., 1972; Treuil and Varet, 1973) . On the contrary, the Mariana Trough basalts can be seen to follow several diverse trends.
The occurrence of lavas with MORB-like and arc-like characteristics interbedded in the crust of the Mariana Trough at two localities has important implications for the magmatic processes controlling the formation of this inter-arc basin. One possibility is that the two basalt types were co-magmatic. If so, such small scale lithostratigraphic variations indicate that eruptions are related to small, short-lived magma reservoirs. This has also been proposed for the slow-spreading Mid-Atlantic Ridge to explain similar interlayering of geochemically different basalt types which cannot be related by crystal fractionation processes (Wood et al., 1979a) . Rocks previously dredged from the Mariana Trough also show a range of compositions (Hart et al., 1972) , and, although some are similar to MORB, others have some geochemical affinities with arc magma types. Hart et al. (1972) distinguished those lavas from arc magmas on the basis of their low 87 Sr/ 86 Sr (less than 0.7030) and K/Ba (less than 85) ratios, despite them having Ba (25-50 ppm), K (2350-4200 ppm), and Sr (155-208) contents,considerably higher than average MORB (Ba ~ 12 ppm, K 1 060 ppm, Sr ~ 124 ppm- Wood, 1979; Sun et al., 1979) . Also, the dredged basalts studied by Hart et al. (1972) have flat or slightly light-REE-enriched, chondrite-normalized REE ratios. have recently noted that the abundance of Ba relative to K, Th, U, and Rb varies significantly in arc basalts from the West Pacific, with the Japanese arcs being most enriched in Ba. Hart et al. (1972) suggest that island arc tholeiites have K/Ba ratios invariably less than 30 to 40, based on the work of Philpotts et al. (1971) on Japanese (Mattey et al., 1980) . We note also that the low-temperature sea-water alteration could significantly increase the K/Ba ratios of the lavas. Thus, the high K/Ba ratios of the dredged basalts do not necessarily distinguish them from arc magmas. The basalts recovered from the Leg 60 drill sites have suffered variable degrees of alteration, and consequently the K/Ba ratios vary considerably. Nevertheless, the K/Ba ratios of most samples from Units 457, 454A-1, and 454A-2 are less than 50, but in Unit 454A-3 K/Ba varies from 64 to 94. The calc-alkaline arc lavas drilled at Site 451 (Mattey et al., 1980) have K/Ba ratios less than 40.
In Figures 9 and 10, Ni versus Zr and Cr versus Zr, the units which have calc-alkaline affinities and those MORB-like units follow distinct trends. This is mainly due to the different Zr contents of the different magma types. The plot of Zr versus Ti (Fig. 11) shows that most of the lavas have Ti/Zr ratios between 75 and 100, whilst N-type MORB generally have Ti/Zr ratios in the range 90 to 120. Significantly, Units 456A-3 and 457 have Ti/Zr ratios less than 90. The main HYG element differences between the two magma types have been summarized in Figure 12 . Here the HYG element abundances of three representative samples have been normalized to estimated primordial mantle abundances (Wood, 1979) and arranged in approximate order of in- In Figure 13 the lavas from Sites 454, 456, and 457 have been plotted in the Th-Hf/3-Ta discrimination diagram (Wood et al., 1979b; Wood, 1980) with the fields of N-type MORB (A), E-type MORB (B), within plate lava series (C), and active plate margin lava series (D) distinguished. The field of active margin lava series (D) has been enlarged relative to that originally proposed (Wood et al., 1979b, fig. 4 ) to include additional analyses of arc tholeiites from Japan and DSDP Site 448 as well as the fore-arc lavas from DSDP Sites 458 through 461 (described later). All the basalts from Site 456 except Unit 456A-3 plot within the field of N-type MORB, and Unit 454A-3 plots between fields A and D (Fig. 13 ). Units 456A-3, 454A-1, 454A-2, and 457 plot in field D as expected.
Interestingly, the Site 454 lavas plot along a trend in Figure 13 between N-type MORB and calc-alkaline magma types. We interpret this as a mixing line. There seem to be two possible explanations for this mixing relationship: (1) the two magma types were comagmatic in the crust of the Mariana Trough, being derived from small, short-lived magma chambers, in which mixing between the magma types could occur in some instances. Mixing due to episodic injection of magma into a small, sub-crustal reservoir is a common process at the Mid-Atlantic Ridge (Rhodes et al., 1979) . Resorbed phenocrysts are present in the porphyritic Unit 456A-2 and could support a magma mixing hypothesis. The presently available data for petrography and mineralogy of the basalts from this site do not provide additional evidence of magma mixing (e.g., resorbed phenocrysts out of equilibrium with the bulk rock; differences in the composition of glass inclusions in the phenocrysts and bulk rock), but a more detailed study would clearly be worthwhile. (2) An N-type MORB magma type could have assimilated small but variable amounts of arc-derived sediments. Basalts from Sites 454 and 456 are associated with arc-derived vitric tuffs. One basalt at Site 456 actually contains a large recrystallized tuffaceous xenolith (see Site 456 summary, this volume). Low seismic velocities at Site 454 suggest that sediments may be interbedded with basalts for several hundred meters and some of the more massive basalts could be intrusive. This would provide a suitable environment for sediment assimilation. The fact that from the same cooling unit some samples have trace element characteristics of arc tholeiites, and other samples have trace element characteristics of N-type MORB, tends to support a heterogeneous assimilation process rather than a more homogeneous magma mixing process. Both processes could explain the lower 87 Sr/ 86 Sr and higher K/Ba ratios of these lavas (e.g., dredge samples of Hart et al., 1972) than most calc-alkaline basalts.
Magma mixing and/or sediment assimilation processes may be important in the initial stages of opening of an inter-arc basin and could explain the chemical Gabbros from the Masirah Ophiolite, Oman (Abbotts, 1979) , also Plagioclase cumulates (cf. variation in basalts dredged from several such basins, which seem to have compositions related to both N-type MORB and arc magma types, but cannot be classed as one or the other. For example, those from the Lau Basin (Gill, 1976 , Hawkins, 1976 , the East Scotia Sea (Saunders and Tarney, 1979; Hawkesworth et al., 1978) , and the Mariana Trough (Hart et al., 1972 ; this study). Some basalts from those basins have affinities with arc magma types, sharing with them higher K, Rb, Ba, Th, Sr, and 87 Sr, and lower Ti, Zr, Hf, Ta, and Nb relative to N-type MORB. In contrast, basalts recovered from the broader, more developed marginal basins of the West Pacific-i.e., the Shikoku, West Philippine and Parece Vela Basins-show no clear chemical affinities with destructive margin magma types Mattey et al., 1980; Wood et al., , 1980b . Tarney et al. (1977) noted similar relationships in the marginal basins of the Scotia arc region. This may be due to the progressive decrease in arc magmatic activity or arc-derived volcaniclastic sediments in the basins as they become more developed. If so, it has important implications for the type of marginal basins sampled by ophiolites. For example, the Late Cretaceous Mediter- Notes: C378, C379, C387, C397 = plagioclase-clinopyroxene leucogabbros from Puerto Aisen, Southern Chile. C389 = plagioclase-clinopyroxene leucogabbro with minor primary hornblende from Puerto Aisen. C62, C184, C71, C117 = plagioclase-clinopyroxene leucogabbros from Atacama Province, Northern Chile. X288 = leuco-olivine gabbro (cumulus Plagioclase > olivine = diopside). MA65 = clinopyroxene gabbro (Plagioclase = diopside). MA205 = clinopyroxene gabbro (screen to sheeted dykes). MA164 = pegmatitic clinopyroxene gabbro. MA417 = plagiogranite. ranean ophiolites, which contain both MORB and arctype lavas in their crustal sequences (Pearce, in press ), may represent crust formed in narrow, poorly developed inter-arc basins, such as the Mariana Trough or Lau Basin, rather than broad, well-developed back-arc basins.
For comparison, Tables 6 and 7 present the major and trace element compositions of calc-alkaline basalts and andesites dredged by P. Fryer and D. Hussong from a seamount in the northern part of the active Mariana Arc (21°58'N, 143°28'E) following seismic activity suggesting a recent eruption in the area. These lavas are compositionally similar to the sub-aerially erupted lavas from the Mariana Islands (Dixon and Batiza, 1979; Stern, 1979; Chow et al., 1980) and the basalts from DSDP Sites 451, 453, and 457. They have been plotted in the Th-Hf/3-Ta discrimination diagram (Fig. 13) and plot close to the other calc-alkaline lavas. However, they are significantly more evolved (i.e., low MgO: 2 to 4 wt.%) than the drilled samples. This is consistent with the extensive near-surface crystal fractionation thought to prevail along the Mariana Arc (Stern, 1979) . (Fig. 14) . The shipboard party divided the basement section into five lithological units. Units 1, 2, and 3 are petrographically similar but distinguished by their form: massive, coarse-grained lavas of Unit 2 separate the vesicular, glassy, fine-grained pillows of Units 1 and 3. These three units make up 123.5 meters of the cored interval. They are petrographically unusual in having endiopside and bronzite phenocrysts (with no olivine), and significant quantities of Plagioclase are only present in the more holocrystalline samples. The shipboard party noted that the two pyroxene, glassy samples with no Plagioclase resembled the boninites or Mg-rich andesites previously reported from elsewhere on Western Pacific fore-arcs, for example, the Bonin Islands (Kuroda and Shiraki, 1975; Kuroda et al., 1978; Shiraki et al., 1979) , the Mariana Trench (Dietrich et al., 1978; Cameron et al., 1979) , and Cape Vogel in southeast Papua New Guinea (Dallwitz, et al., 1966; Dallwitz, 1968) .
Unit 4 consists of about 75 meters of vesicular, glassy to fine-grained, sparsely Plagioclase and augite phyric pillow and massive lavas, relatively rich in Fe-Ti oxides. The top 10 or so meters of this unit (Sections 41-1 and 41-2) are highly fractured and, although not distinguished petrographically, have a distinct chemistry from the rest of the unit (see below). We refer to this part as Unit 4a. Another highly fractured zone (-0.5 m) forms the lower part of Section 44-1 in Unit 4 and may be compositionally similar to Unit 4a but has not been sampled in this study. Unit 5 forms the lower 30 meters of the hole and consists of massive, fine-grained sparsely plagioclase and augite phyric lavas relatively rich in Fe-Ti oxides. All the units have suffered low-temperature (zeolite facies) alteration. Most of the glassy matrices are recrystallized to clays, although a few fresh glassy pillow rinds are preserved.
The lavas from Units 1, 2, and 3 show coherent chemical compositions (Table 8 and Fig. 14) with high SiO 2 (52 to 60 wt.%), moderate to high MgO (5 to 10 wt.%), high K 2 0 (0.5 to 1.5 wt.%), and very low TiO 2 (about 0.3 wt.%), P 2 O 5 (about 0.03 wt.%), Zr, Hf, REE, and Y contents. Although they are chemically related to boninites, these Site 458 rocks are more evolved: previously described boninites (e.g., Table 9 ) generally have MgO contents >9 percent, Mg-numbers >0.7, Ca <8 percent, A1 2 O 3 < 14 percent, Ni > 100 ppm, and Cr >600 ppm. Most of the Site 458 Units 1, 2, and 3 lavas have MgO <9 percent, Mg-numbers <0.7, CaO >8 percent, A1 2 O 3 > 14 percent, Ni < 100 ppm, and Cr < 300 ppm, and are probably best termed Mg-rich andesites. Unit 458-4 lavas are similar to those of the upper three units but with slightly higher abundances of Fe and the HYG elements and lower Mgnumbers and Cr and Ni contents. They are best termed andesites, but the relatively low abundances of the HYG elements in these lavas indicate that they are related to the Mg-rich andesites and boninites described earlier.
Units 458-4a and 458-5 are chemically different from the other Site 458 lavas and have the major element compositions of basaltic andesites. Both units have higher TiO 2 (about 1.1 wt.%) and HYG elements contents with low CaO (<7.5 wt.%) contents. Unit 458-4a has low MgO (<4 wt.%) and Unit 458-5 has very high Fe contents (EFe 2 O 3 about 13.75 wt.%) and could be termed a ferrobasalt. Units 458-4a and 458-5 both have compositions similar to those of primitive island-arc tholeiites.
Site 459 (17°51.75N, 147°18.09'E)
This site was located on the easternmost fore-arc basin, adjacent to the trench slope break in a water depth of 4120 meters. The basement was dated as prelate Eocene (74.5 m.y.) by the overlying sediments. Hole 459B penetrated 132.5 meters of basaltic basement divided into four lithologic units. The basalts are gener- ally sparsely clinopyroxene and Plagioclase phyric with more than 10 percent vesicles (and in some cases more than 30%). The petrological and geochemical differences between the four units are subtle, and they have been distinguished by grain size, vesicularity, and magnetic intensity. The lavas contain up to about 3 percent Fe-Ti oxides and patches of quartz and alkali feldspar in the mesostasis. They are relatively rich in Fe with between 10 and 14 weight percent Fe 2 O 3 . Some of the finegrained basalts contain spherulitic zones next to the vesicles with abundant needlelike opaque phases thought to be ilmenites. The Site 459 basalts are quartz-normative and similar to primitive island arc tholeiites (Table 10 and Fig. 15 ) with low Ti and Zr, high K and a depletion of Ta relative to La and Th. The high vesicularity implies that the magmas from which the Site 459 basalts formed were rich in volatiles. Their low Sr (< 150 ppm) and Ba (generally < 50 ppm) contents and depletion of the light REE (chondrite-normalized La/Tb <l) distinguish them from the calc-alkalic lavas from the Mariana Trough and Ridge.
Site 460 (17°40.14 N, 147°35.92E) This site is located 25 km from the center of the Mariana Trench in a sediment pond on the arc-side wall of the trench in a water depth of 6445 meters. Basement was not reached, but basaltic clasts were recovered from a conglomerate of early Miocene or late Oligocene age (25-27 m.y.). Three such basalt clasts have been studied. Samples 460-9,CC, 11-13 cm and 460-9,CC, 74-76 cm are sparsely Plagioclase (about 2°7o), olivine (rare pseudomorphs), and clinopyroxene (trace) phyric basalts with abundant vesicles (about 20%). Sample 460A-11-1, 29-31 cm is an aphyric, coarse-grained basalt with abundant secondary amphibole replacing relict clinopyroxene. All three samples are primitive island arc tholeiites (Table 5 ) similar to those from Site 459 and Units 458-4a and 458-5 (Table 11) . Site 461 (17°46.01N, 147°41 .26 E)
This site was located on a small patch of sediment on a local high in the arc-side wall of the Mariana Trench in a water depth of 7030 meters. Basement was not reached, but cobbles of igneous and metamorphic rocks were recovered in the few meters of sediment (about 20 m) of uncertain age. One metabasalt sample of unknown petrography has been sampled and has a composition ( Table 5 ) similar to that of the primitive arc tholeiites of the other fore-arc and trench sites (Table 11) .
DETAILED RELATIONSHIPS OF BASEMENT CHEMISTRY
The lavas from these Mariana fore-arc and Trench sites can be divided into two groups: (1) the Mg-rich andesites and andesites from Site 458 which are related to a boninite magma type. The Mg-rich andesites are probably derived from a boninite parental magma by crystal fractionation of the two pyroxene phases; (2) the primitive island arc tholeiites recovered from all four sites. Major and trace element variation diagrams for these rocks are presented in Figures 16 through 24 . The Mg-rich andesites and andesites of Site 458 Units 1 through 3 follow a trend toward enrichment of Ca and Al with decreasing Mg (Fig. 15) . This suggests that Plagioclase has not fractionated from these magmas, at least from the more primitive ones. The Zr and Ti contents remain approximately constant with decreasing MgO in these units.
The andesites of Unit 458-4 have higher Fe, Ti and Zr, but lower Ca and Al contents than the andesites of Units 458-1 through 3 with similar MgO contents (Fig.  16) . Most of the Unit 458-4 andesites also have lower K/Zr, Zr/Y, Sr/Zr ratios (Fig. 17) than the Units 458-1 through 3. These differences suggest that the Unit 458-4 andesites cannot be related to the Units 458-1 through 3 lavas by crystal fractionation processes. These HYG element ratios should remain approximately constant during crystal fractionation of two pyroxene assemblage. Units 458-1 through 4 have similar Ta/Tb, Th/Tb, and La/Tb ratios (Fig. 18) and have chondrite-normalized La/Tb and La/Eu ratios less than 1. Most of the previously described boninite-like lavas have been slightly enriched in the light REE relative to the heavy, REE-that is, chondrite-normalized La/Tb and La/Eu ratios greater than 1 (e.g., Sun and Nesbitt, 1978; Hickey and Frey, 1979) . Also, Units 458-1 through 4 have low Ti/Zr (less than 75), Y/Ti, and Y/Zr (less than 0.35) ratios (Figs. 17 and 21) . The low Ti/Zr ratios are characteristic of boninites from other localities (Sun and Nesbitt, 1978) and distinguish them from most other terrestrial magma types. Relative to estimated primordial mantle abundances for a chondritic earth model, Zr and Hf are enriched relative to Eu, Ti, Tb, and Y in these lavas (Fig. 23) -a point also noted by Bougault et al. (this volume) . The significant fractionation of Ti, Zr, and Y relative to each other is difficult to achieve by mineral-melt processes unless garnet is involved (the heavy REE, Y, and Ti are partitional into garnet preferentially to Zr).
The primitive island arc tholeiite lavas from these sites have higher Fe, Ti, P, and HYG elements, but lower Ca and Al contents than the andesites of Site 458 with similar MgO contents (Fig. 16) . Moreover, they have lower Sr/Zr, Zr/Y, Th/Tb, La/Eu, La/Tb, and Ta/Tb ratios (Figs. 17 and 18 ) and Ni and Cr abundances (Figs. 19 and 20) . All these island arc tholeiites have Ti/Zr ratios close to 100 (Fig. 21) -except Unit 458-4a, which has low Mg and Fe and has probably resulted from crystal fractionation of an Fe-Ti oxide phase which would reduce the Ti/Zr ratios. Also they follow coherent trends on the trace element variation diagrams.
The lavas from the fore-arc and trench sites plot in a distinct and highly restricted field in the Th-Hf/3-Ta triangle (Fig. 22) , close to the boundary between active margin and N-type MORB magma types. The andesites of Units 458-1 through 4 plot closer to the Th apex of the triangle than the arc tholeiites. All the lavas plot close to other primitive island arc tholeiites from the West Pacific active margins. However, these lavas are less depleted in Ta relative to the HYG elements than other active margin volcanics studied to date. This point Figure 10 , it can be seen that the fore-arc tholeiites have a much smaller depletion in Ta relative to La and Ce, and the Mg-rich andesites from Unit 458-1 show no depletion in Ta relative to La. Figure 24 illustrates the large range of La/Ta ratios measured in the lavas recovered from the arcs and basins of the West Pacific Ocean; the Mariana fore-arc lavas and those from the Mariana Trough have La/Ta ratios less than 40 and, except for the Site 458 andesites, greater than 15; the lavas from Japan, the Mariana arc, the West Mariana Ridge and the Kyushu-Palau Ridge have La/Ta ratios greater than 40. These trace element variations suggest that several magma types, unrelated by crystal fractionation processes, have been erupted during the development of the island arcs and inter-arc basins of the west Pacific. The geochemical diversity of the lavas implies that the petrogenetic processes and mantle source compositions involved are complex.
DISCUSSION
The main aim of this chapter has been to provide a factual account of the geochemistry of Leg 60 igneous rocks. A detailed consideration of the petrogenetic implications of the data will be deferred to a subsequent paper. However, qualitative assessments can be made of some of the recently favored petrogenetic models for island arc and back-arc basin magmas, and constraints placed on them by the tectonic evolution of the Philippine Sea.
Most recent trace element and radiogenic isotope studies of continental margin, island arc, and marginal basin lavas have favored petrogenetic models invoking the involvement of fluids, probably of a supercritical saline and siliceous nature, derived from the subducted oceanic lithosphere and infiltrating the mantle wedge above the Benioff zone from which the lavas are subsequently derived (Best, 1975; Hawkesworth et al., 1978; Saunders and Tarney, 1979; Saunders et al., 1980) . This process would cause the mantle wedge above the subducted plate to become enriched in the mobile elements (Cs, K, Rb, Pb, Ba, Th, U, La, and Sr) which can be leached to varying degrees from altered oceanic crust after subduction. Because the altered oceanic crust is hydrated with sea water, hydrous fluids derived from it would be enriched in 87 Sr relative to radiogenic Nd (Nd content of sea water is very low). In addition, subducted sediments would also be expected to contribute certain mobile elements and radiogenic Pb to the fluids (Sun, 1980) . Variations in the composition of the sediments and the proportions to which they contribute to fluids emanating from subducted oceanic crust might explain the geochemical diversity observed in arc magma types as a whole (e.g., the large range of HYG element ratios, such as Ba/La). However, we note that recent Pb, Sr, and Nd isotopic data for the Mariana arc (Meijer, 1976; DePaolo and Wasserburg, 1977; Dixon and Batiza, 1979; Stern, 1979) suggest that sediment contamination of the mantle source is minimal (<2°Io).
The introduction of a hydrous fluid into the mantle wedge would lower the solidus and induce partial melting under conditions of high P H 2θ The HYG element variations measured in the active margin volcanics of the west Pacific are certainly consistent with this model. In order to be able to explain the extremely low Ta and Nb abundances in active margin volcanics in general (Wood et al., 1979b) , it is necessary to invoke that these elements are held in a mineral phase in the mantle during the partial melting (Wood, 1979; Saunders et al., 1980) . Ta and Nb are strongly partitioned into titanium mineral phases-for example, rutile and sphene. Recent experimental studies have shown that the stabilities of rutile and sphene are enhanced under hydrous conditions and may be refractory phases with even high degrees of melting of mafic material (Hellman and Green, 1979) .
The major and trace element compositions of the Mg-rich andesites from Site 458 and boninite lavas can, in general terms, be reconciled with this model. Their major element compositions are similar to liquids produced experimentally by high degrees of partial melting of a hydrous peridotite at low pressures, ~ 10 kbars (Green, 1976) . They have generally been interpreted as near-primary magmas derived by greater than 20 percent partial melting of a hydrous mantle source at depths less than 30 km (Sun and Nesbitt, 1978) . The low absolute abundances of the immobile HYG elements in these lavas support a model invoking high degrees of partial melting. The absence of a negative Ta anomaly in the Site 458 andesites could reflect the total consumption of mantle titanium phases during high degrees of partial melting.
The Mg-rich andesites do show compositional relationships with other arc magma types for example, enrichment in volatile and mobile elements-yet there are some significant differences which suggest that they are not derived from the same mantle sources. For example, the high Zr/Ti and Ti/Y ratios of the Mg-rich andesites are similar to those observed in calc-alkaline magmas and probably indicate the involvement of garnet in their genesis; yet they are depleted in the light REE, whereas the calc-alkaline magmas are enriched. However, we note that previously described boninites are light-REEenriched, and the Site 458 Mg-rich andesites are less depleted in the light REE than the island arc tholeiites with which they are associated. The Mg-rich andesites of Site 458 differ from primitive island arc tholeiites in being less depleted in the light REE and in having high Zr/Ti and Ti/Y ratios. Overall the Mg-rich andesites have more compositional similarities with calc-alkaline magma types than primitive island arc tholeiites. There are two important features of Mg-rich andesites and boninites which need to be considered when developing petrogenetic models for them: (1) They appear to be limited to the fore-arc of the West Pacific active margin and associated with the early development of an island arc system. source under hydrous conditions, which suggests certain thermal energy requirements. The source of the Mg-rich andesites could be in the mantle wedge where the addition of excess slab-derived hydrous fluids temporarily suppresses its solidus below the geotherm and initiated extensive partial melting. As the descending slab tends to cool the mantle wedge as subduction continues, the solidus of the mantle wedge would cease to be significantly depressed below the geotherm. The Site 458 Mg-rich andesites overlie islandarc tholeiitic lavas which are more depleted in the light REE. The arc tholeiites could be generated during the initial stages of hydrous metasomatism of the previously depleted mantle wedge by small degrees of partial melting. More extensive metasomatism would enrich the source in a number of HYG elements as well as depressing its solidus and increasing the degree of partial melting so as to produce boninite-like magmas. As metasomatism continued to cool and enrich the mantle wedge, the degree of partial melting would decrease and the magmas would develop a more calc-alkaline composition. Alternatively, the difference between calc-alkaline and primitive island arc tholeiites could result from the mantle sources of the latter being metasomatized by hydrous fluids driven off the subducted slab at low pressures (perhaps during the prograde metamorphic reaction of greenschist to amphibolite), and the former from material infiltrated (veined) by hydrous melts (or fluids) derived from the slab at higher pressures (perhaps during the prograde metamorphic reaction amphibolite to eclogite). Ringwood (1974) proposed the involvement of a liquid component derived by partial Figure 13 . Th-Hf/3-Ta discrimination diagram (Wood et al., 1979b; Wood, 1980) for samples from Sites 454, 456, and 457. Areas: A = N-type MORB; B = E-type MORB; C = within plate lavas; D = active plate margin lavas. The fields of Japanese lava series and DSDP Leg 59 samples are from Wood et al., , 1980b melting of quartz eclogite in the genesis of calc-alkaline magmas. The partial dehydration of the slab at low pressures would leach much of the radiogenic Sr added to the ocean crust during alteration, so that the residue involved in the amphibolite to eclogite transformation could be isotopically similar to MORB. This might explain the low 87 Sr/ 86 Sr (~ 0.7032-0.7034) of the Mariana arc calc-alkaline lavas (Dixon and Batiza, 1979) .
The most recent models for the tectonic evolution of the Mariana type plate boundary require that the position of the trench remains approximately fixed relative to the mantle. Poehls (1978) proposed that the Mariana Trough and other back-arc basins are caused by interaction between the subducted plate and the plate behind the trench in places where trenches are terminated or offset due to variations in subduction rates along the plate margin. He envisaged the slowing of the subduction rate where aseismic ridges (in this case the Caroline Ridge) collide with island arcs (Vogt et al., 1976) . In this model the strike-slip motions occurring in the southern Marianas have induced the opening of the Mariana Trough, but the Mariana Trench has remained fixed. In their recent model, Uyeda and Kanamori (1979) propose that it is the westward motion of the Eurasian plate in the Philippine Sea area that has caused back arc extension in the area. In this model the downgoing slab is anchored to the mantle, and therefore the position of the trench remains fixed relative to the mantle. Mattey et al. (1980) have pointed out that if the trench remains fixed relative to the mantle, the same mantle wedge would remain coupled to the Benioff zone and be repeatedly infiltrated with fluids or melts derived from the subducted plate. Moreover, these models imply that the Kyushu-Palau Ridge and West Mariana Ridge would have formed in the same position relative to the trench and Benioff zone as the active Mariana arc. The Parece Vela Basin (Fig. 1) was the first backarc basin to open as a response to westerly movement of the West Philippine Basin or a strike-slip movement in the regions of the Palau and Yap Trenches. The arc magmatism became more calc-alkaline, forming the West Mariana Ridge followed by back-arc extension in the Mariana Trough.
Considered in these terms the observed temporal variations in the geochemistry of the lavas erupted in the Mariana system may be able to constrain some of the petrogenetic models: the lavas from the Mariana forearc and Kyushu-Palau Ridge are primitive arc tholeiites (although we note that there are some systematic differences in the trace element ratios of lavas from the two regions, e.g., La/Ta , Fig. 24) ; lavas from the younger West Mariana Ridge and active Mariana arc are calcalkaline, as are some of the lavas in the Mariana Trough. Thus, there is a trend from early primitive island-arc tholeiites to subsequent calc-alkaline lavas erupted in the Mariana system. These variations suggest Table 6 . Major and trace element analyses of Recent basalts and andesites dredged from a seamount (latitude 21 °57'N, longitude 143°27'E) in the northern Mariana arc. that the nature of the mantle wedge and/or the petrogenetic processes have changed with time. One possibility is that the mantle wedge has become more refractory (i.e., more Mg-rich) and depleted in the high-fieldstrength trace elements, despite being repeatedly replenished by a volatile (lithophile element-rich) fluid or melt phase. In this case, the primitive island-arc tholeiites could represent early melting of the mantle wedge, having essentially the composition of the N-type MORB mantle reservoir enriched in the volatile elements. Such mantle would melt to similar or slightly higher degrees than that feeding mid-ocean ridges. The calc-alkaline magmas would then represent partial melts derived from the re-enriched mantle residue of primitive arc-tholeiite magmatism. Such a refractory mantle is unlikely to melt to such high degrees, and the HYG element composition of the liquids produced would be much more influenced by the composition of the volatile phase producing the re-enrichment. In this model the proportion of the minor titanium phases (sphene or rutile) in the mantle wedge would increase with time; this, together, with a general decrease in the degree of partial melting could explain a general increase in the magnitude of the negative Ta anomaly with time: the tholeiites from the fore-arc are less depleted in Ta than the other arc lavas (Figs. 22 and 24) . The mantle underlying the fore-arc at the present has been cooled sufficiently to preclude subsequent magmatism, and re- cent arc magmatism has become restricted to a zone above the steeply dipping Benioff zone.
The possible coexistence of N-type MORB and calcalkaline magmas in the initial period of inter-arc basin formation, as observed in the Mariana Trough (Sites 454 and 456), might be expected from this model. The general absence of basalts with calc-alkaline affinities in the Parece-Vela Basin and Shikoku Basin implies that the influence of the arc mantle sources disappears once the basins are well developed. Notes: 1 = boninite, Bonin Islands, Kuroda et al. (1978) . 2 = bronzite andesite, Bonin Islands, Kuroda et al. (1978) . 3 = 1403-24 contact rock, Mariana Trench, Dietrich et al. (1978) . 4 = 1403-34 enstalite porphyritic boninite, Mariana Trench, Dietrich et al. (1978) . 5 = LB105 clinoenstatite-bearing, high-Mg andesite, Dabi Volcanics, Cape Vogel, Papua, Dallwitz et al. (1966) . Olive-gray, aphyric, aphanitic basalt, 2 percent vesicles (<0.5 mm), concentric zoning of alteration colors through sample suggests part of pillow interior. 456A-15-1, 27-31
Gray, aphyric, fine-grained basalt, 4 percent vesicles concentrated in "pipes," vesicles often lined by gray or light-brown clays.
Hole 457
4,CC Tan-colored piece of pumice, very soft.
Hole 458
27-1, 130-132 Olive-green, fine-grained sandstone, cut by carbonate-lined fracture. 28-1, 58-64
Heavily altered, light-green-gray, spherulitic basalt, one large vesicle (5×3 mm).
28-1, 125-130
Heavily altered, light-green-gray, spherulitic basalt.
28-1, 140-146
Dark gray, aphyric, fine-grained basalt, 3 percent vesicles (<2 mm), a few larger vesicles lined by blue-gray clay.
• 29-1, 54-57
Olive-green, fine-grained, aphyric basalt, 1 percent vesicles (< 1 mm). 29-2, 37-42
Dark-green-gray, fine-grained aphyric, altered basalt, < 1 percent vesicles (< 1 mm).
30-1, 56-59
Heavily altered, olive-green, spherulitic basalt, 5 percent vesicles (2-5 mm), lined by gray-blue clay and white mineral (zeolite?).
31-1, 39-41
Heavily altered, light olive-green, finegrained, aphyric basalt, one vesicle (2 + 2 mm).
31-1, 131-136
Light-gray (green tinges), fine-grained, aphyric basalt, 3 percent vesicles (< 1 mm).
32-1, 116-119
Light-gray-green, medium-grained, aphyric basalt, 1 percent vesicles (< 1 mm). 32-3, 34-36
Light-gray-green, aphyric, aphanitic basalt, 5 percent vesicles (< 1 mm). 33-2, 19-22
Gray-green, medium-coarse grained (ca. 1 mm) basalt, few vesicles (< 1 mm). 34-1, 39-42
Light-green-gray, medium-grained, basalt, 2 percent vesicles (< 1 mm), one surface of sample is a fracture covered by a light-olivegreen clay and carbonate. [42] [43] [44] [45] Light-green-gray, medium-grained, aphyric basalt, 5 percent vesicles (< 1 mm); one surface of sample is a fracture; basalt heavily altered, but no coating of secondary minerals.
35-2, 69-73
Light gray, aphyric, aphanitic basalt, several trains of small vesicles (<0.5 mm). 36-1, 27-31
Light gray-green, aphyric, aphanitic basalt, few vesicles, cut by carbonate and clay/chlorite(?)-lined vein. 37-1, 52-55
Gray-green, fine-grained, aphyric basalt. 37-2, 62-64
Gray-green, medium-grained, aphyric basalt, few vesicles. 38-1, 51-53
Battleship-gray, fine-grained basalt, 2 percent vesicles (<2 mm), odd plagioclase(?) phenocrysts(?). 39-1, 37-40
Gray, very fine-grained basalt, 5 percent vesicles, often lined or infilled by gray clay and calcite. [90] [91] [92] [93] Battleship-gray, aphyric, aphanitic basalt, 1 percent vesicles (<0.5 mm), sample cut by carbonate-lined fracture.
